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Summary
Objective: This study assessed the three-dimensional accuracy of magnetic resonance imaging (MRI) for measuring
articular surface topographies and cartilage thicknesses of human cadaveric knee joints, by comparison with the
calibrated stereophotogrammetric (SPG) method.
Methods: Six fresh frozen cadaveric knees and the knees of four volunteers were imaged with a three-dimensional
spoiled gradient-recalled acquisition with fat suppression using a linear extremity coil in a 1.5 T superconducting
magnet. The imaging voxel size was 0.47#0.47#1.0 mm. Both a manual and a semi-automated segmentation method
were employed to extract topographic measurements from MRI. Following MRI, each of the six cadaveric knees was
dissected and its articular surfaces quantified using stereophotogrammetry. The MRI surface measurements were
compared numerically with the SPG measurements.
Results: For six cadaveric knees, the average accuracies of cartilage and subchondral bone surface measurements
were found to be 0.22 mm and 0.14 mm respectively and the thickness measurements demonstrated an average accuracy
of 0.31 mm. It was found that while most of the error may be attributed to random measurement error, the accuracy was
somewhat a#ected by systematic errors. For each bone of the knee, accuracies were most favorable in the patella,
followed by the femur and then the tibia. The more e$cient semi-automated method provided equally good and
sometimes better accuracies than manual segmentation.
Conclusions: This study demonstrates that clinical MRI can provide accurate measurements of cartilage topography,
thickness, contact areas and surface curvatures of the knee.
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IN RECENT years, MRI sequences have been devel-
oped which highlight articular cartilage, thus
facilitating non-invasive measurements of its top-
ography. The ability to measure the 3D topography
of cartilage from MRI provides the valuable poten-
tial to analyze the anatomy and biomechanics of
diarthrodial joints, and perhaps more importantly,
to study the progression of osteoarthritis in vivo.
Several investigators have already reported on
their measurements of cartilage thickness and vol-
ume from MRI measurements [1–9], and a few
studies have reported the in-situ measurement of
articular contact areas [10–12]. However, these
studies represent early developments in newly
emerging field and the potential remains for sig-
nificantly improving measurement accuracies and95segmentation procedures, as well as introducing
methods for extracting other clinically pertinent
parameters from MR images of articular cartilage.
The appearance of cartilage has been described
on many MRI sequences. Hayes and co-workers
reported that T1-weighted images were reliable in
identifying all lesions in knee cartilage except for
early softening of the cartilage without contour
changes [13]. Another study reported that detec-
tion of small lesions was unreliable, since
T1-weighted imaging techniques produced chemi-
cal shift artifact and a partial volume averaging
e#ect [14]. Although T2-weighted images have also
been advocated for detecting cartilage, further
testing did not show any advantage [1]. Moreover,
both T1-and T2-weighted spin echo images are
limited by a minimum practical slice thickness of
2–3 mm. To increase contrast between bone and
cartilage, magnetization transfer techniques have
been used [15, 16], however, these techniques are
not widely available and the subtraction method
required in the technique may introduce error in
96 Cohen et al.: Cartilage quantification from MRIthe images [17]. Gradient echo images [3, 4, 18]
with fat suppression [1, 2, 19, 20] also produce good
contrast between cartilage and neighboring tis-
sues. Moreover, gradient echo imaging allows
acquisition of thin contiguous slices in a volume
which can be reformatted in multiple planes, and it
has greater signal-to-noise in each slice than that
from spin echo images [21]. Saturation transfer
subtraction (STS) and T1-weighted fat suppression
(FS) also have been applied to increase contrast at
the cartilage-synovial fluid boundary and the
cartilage-bone boundary [2, 20].
Recht and co-workers [1] tested a combination of
gradient echo imaging with fat suppression and
showed that fat suppressed 3D gradient-recalled
acquisition in the steady state (GRASS) and
spoiled GRASS (SPGR) sequences delineate
cartilage better than T1-weighted, T2-weighted,
proton-density-weighted and gradient-recalled
acquisitions without fat suppression. Fat sup-
pressed spoiled GRASS images were also more
accurate than magnetization transfer in cartilage
thickness determination of cadaver ankle articu-
lar cartilage [22]. High resolution volume spoiled
GRASS cartilage sequences have been used in
cadavers with 1–2 mm slice thickness to precisely
determine cartilage thickness in cadaveric knees
[5, 23, 24].
Useful clinical validations of the specificity of
such imaging sequences, e.g., through arthroscopy
[25], have been reported in the radiology litera-
ture. However, there have been few attempts to
analyze the surface-wide accuracy of 3D thickness
measurements of the articular layers, with the
notable exception of the work by Eckstein et al.
[3–6, 8, 9]. In the present study, we employ the
tools of our previous analyses of 3D articular
surface topography and contact from stereophoto-
grammetric (SPG) measurements [26–31] to the
measurement of similar features from MRI.
Mathematical representations of the articular lay-
ers of the patella, femur and tibia of cadaver knee
joints are generated both from MR imaging
sequences based on the above literature findings
and from SPG measurements of the same articular
layers [26]. Our specific aims in this study are: (a)
to determine the levels of measurement accuracies
which can be achieved from clinical MRI’s by
comparing our 3D measurement results with cor-
responding SPG data; (b) to determine whether
semi-automated segmentation techniques can
achieve a level of accuracy similar to that of
manual segmentation; and (c) to measure the 3D
surface topography, cartilage thickness, contact
areas and surface curvature characteristics of
articular layers in vitro and in vivo. Furthermore,in-vivo imaging of the knees of volunteers is also
performed to demonstrate the clinical applicability
of techniques presented in this study.Materials and methodsexperimental data acquisition
Six fresh-frozen cadaver knees (ages 41–57 years
old, average 50 years) and knees from four
volunteers (ages 21–33, average 26 years) were
tested at approximately 0–20) flexion. Images were
acquired in the sagittal plane with a 1.5 T super-
conducting magnet (Signa Horizon, General
Electric, Milwaukee, WI) using a linear extremity
coil. The imaging sequence consisted of a 3D
spoiled gradient-recalled acquisition with fat sup-
pression (flip angle=40), TR=53–55 ms, TE=5–
10 ms). The field of view was 120#120 mm and the
image matrix 256#256, yielding a pixel size of
0.47 mm. Sixty contiguous slices, 1 mm thick, were
acquired in 30 minutes.
Following MR imaging, the cadaver knees were
dissected and the 3D topography of the cartilage
and subchondral bone surfaces of the patella,
femur and tibia quantified using the non-
contacting optical technique of SPG [26, 32].
Figure 1 shows a typical set of knee cartilage
surfaces, generated using SPG; each grid intersec-
tion point on that figure represents a measurement
point for that technique. In a previous study [26], it
was demonstrated that the measurement accuracy
of the 3D coordinates of such surface points is
0.09 mm at a 95% confidence level, along the least
favorable coordinate direction. Due to the high
accuracy of this method, and the absence of any
true gold standard for human joints, we chose to
calibrate our MRI techniques against SPG
measurements. Therefore, the MRI calibration is
relative to the accuracy of the SPG method itself.
If the MRI accuracies are shown to be on par with
the SPG accuracies, it can only be concluded that
MRI is as accurate as SPG, though theoretically it
may be more accurate.surface segmentation from mri
In each MRI slice, the contour curves of the
patellar, femoral and tibial cartilage and subchon-
dral bone surfaces were determined by (a) manual
segmentation and (b) semi-automated seg-
mentation. Manual segmentation was performed
by digitizing consecutive points along the curves
(as used in reference [3]) with a typical spacing
of 0.5–1.0 mm (Fig. 2a), using a custom-written
Osteoarthritis and Cartilage Vol. 7 No. 197FIG. 1. A set of knee cartilage surfaces from a cadaver joint, determined using SPG. The subchondral bone surface can
be similarly displayed but are not shown here for clarity.program in the command language of the PV-Wave
software (Precision Visuals, Boulder, CO). Figure
3 displays the contours typically generated from
the 60 contiguous slices from MRI. Due to the
large number of slices, manual segmentation of the
articular layers of a knee joint could require up to
two days of work.
To expedite the segmentation process, a semi-
automated technique for segmenting cartilage
layer was developed. The semi-automated segmen-
tation proceeded along the following steps for each
image slice: (1) An initial set of points was digi-
tized manually along each articular contour curve,
with a coarse spacing of 1–2 cm (Fig. 2b). (2) A
region of interest (ROI), 2.0 mm wide, was auto-
matically extracted along the piecewise linear seg-
ments joining these points; this ROI enclosed the
image of the actual desired curve. (3) An interpo-
lated cubic B-spline curve was fitted to the initial
set of points. (4) For each pixel in the ROI, the
image gradient vector was evaluated using thePrewitt convolution kernel [33] and projected
along the unit normal, pointing toward the carti-
lage, to the B-spline interpolation curve, at the
curve point nearest to that pixel. The projected
value was assigned as a weight factor for that
pixel. (5) Pixels with negative weight factors due
to negative image gradients, indicating an edge in
the opposite direction to the desired edge, were
filtered out. (6) A weighted cubic B-spline curve
approximation was fitted through the coordinates
of the remaining pixels, using as many B-spline
coe$cients as the number of points digitized in
step (1). The B-spline curve, which followed the
contour of the desired surface, was then sampled
at 0.5 mm intervals (Fig. 2c). The only manual step
in the semi-automated segmentation method was
the first step. The complete process of segmenting
the articular layers of a knee could be completed
in two hours. B-spline curve-fitting routines were
custom-written using the FORTRAN programming
language.
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surfaces
The 3D coordinates of surface points obtained
from MRI and SPG were each fitted with math-
ematical 4th-order (bicubic) B-spline surfaces
using a least-squares approximation [28]. This pro-
cedure provides control over the desired amount of
smoothing of noisy data; in the present applica-
tions, surfaces were conservatively smoothed such
that the root-mean-square (RMS) residual between
the actual data and the mathematical surface-fit
ranged from 0.100 to 0.175 mm. For further display
and analysis purposes, all mathematical surfaces
were then sampled over a regular grid of data, with
a typical grid size of 1–3 mm (as shown for a typical
set of surfaces from MRI in Fig. 4).
Subsequently, for both the MRI and the SPG
generated surfaces of all the specimens, the thick-
ness of the cartilage layers was evaluated at the
sampled grid points and mapped onto the cartilage
surfaces, using 3D algorithms described previously
[26]. In this analysis, thickness was defined as thedistance, from a sampled point on the cartilage
surface, to the corresponding subchondral bone
surface, along the normal to the cartilage surface
at that sampled point. Thus, although segmenta-
tion of the data was performed from contiguous 2D
slices, all analyses were performed in 3D because
of the availability of 3D mathematical representa-
tions of the surfaces. Figure 5 displays the carti-
lage thickness maps for all three articular layers of
a typical knee, from both MRI and SPG for visual
comparison.FIG. 2. Cartilage-specific MR image of the same knee joint as in Fig. 1, displaying contour curves along the cartilage
and subchondral bone surfaces: (a) manual segmentation; (b) initial set of points digitized along the femoral
subchondral bone, for semi-automated segmentation; (c) final outcome of semi-automated segmentation; and (d) SPG
surface projected and sectioned onto MR image plane (only the trochlea and anterior condyles of the femoral layer are
obtained by SPG).surface registration and comparison
To perform quantitative comparisons of topo-
graphic measurements between MRI and SPG, it
was necessary to realign the surfaces from both
methods into a common coordinate system via the
process of surface registration, since the two sets
of surfaces were represented in unrelated device-
specific coordinate systems. Surface registration is
a mathematical procedure which consists of deter-
mining the rigid body transformation that aligns
Osteoarthritis and Cartilage Vol. 7 No. 199FIG. 3. Segmented MRI contour curves of knee cartilage surfaces from 60 contiguous slices, from semi-automated
segmentation (same knee as in Figs 1 & 2).one surface as best as possible with another
surface; in this study, it was accomplished by
optimally minimizing the root-mean-square dis-
tance between pairs of corresponding MRI and
SPG surfaces, with the MRI surface transformed to
align with the fixed SPG surface. Distances were
evaluated from the sampled points on the SPG
surface to the MRI surface using the same algor-
ithm as for thickness calculations. Successive
rigid body rotations (3 degrees of freedom) were
optimized using the downhill simplex method [35].
For a given intermediate rotation of the surface,
the rigid body translation (3 more degrees of
freedom) was optimized using a quasi-Newtonian
minimization with an analytic gradient. Once opti-
mal alignment was achieved, the RMS of the
residual distance values between the MRI and
SPG surfaces was taken as a measure of the
accuracy of the MRI-derived surface topography,
relative to SPG.It is important to distinguish between two
approaches to surface alignment which we
adopted. In the first, the cartilage and subchondral
bone surfaces of a particular cartilage layer were
registered with the corresponding SPG surfaces
together as a single rigid body unit, i.e., the spatial
relationship between the cartilage and bone sur-
faces of the cartilage layer was preserved. In the
second method, the cartilage and subchondral
bone surfaces of the MRI cartilage layer were each
registered independently, i.e., their spatial rela-
tionship did not necessarily remain the same at the
completion of the registration process. The first
method, by preserving the distance between the
bone and cartilage surfaces, is a representation of
the accuracy of the MRI thickness measurement.
The second method provides an assessment of the
accuracy of the topographic measurement of a
single surface of a layer (cartilage or bone), for
purposes such as monitoring subchondral bone
100 Cohen et al.: Cartilage quantification from MRIFIG. 4. Cartilage surfaces from MRI, obtained by surface-fitting the contour curves of Fig. 3 and resampling the
surface-fit at uniform intervals.remodeling from surface curvature analysis.
Ideally, if sources of error are random, the methods
should yield similar results; however, systematic
errors may occur in the segmentation process [3],
and hence measurement accuracies are reported
for both methods in this study.
In addition to the RMS residual distance
measurements, the accuracy of the thickness
measurements was determined directly. After reg-
istration of the cartilage and subchondral bone
MRI surfaces with the corresponding SPG sur-
faces, according to the first method described
above, the following analysis was performed: (a) at
each sampled point i on the SPG cartilage surface,
the SPG thickness, ti
spg, was calculated; (b) the
nearest point on the MRI cartilage surface was
located by shooting a ray from the sampled SPG
cartilage surface point normal to that surface and
finding its intersection with the MRI cartilage
surface (which was not necessarily a sampled point
on the MRI surface); (c) at that nearest point onthe MRI cartilage surface, the MRI cartilage
thickness, ti
mri, was calculated by interpolating
between sampled points at which thickness had
been evaluated; (d) the accuracy of thickness
measurement at that point was evaluated as the
di#erence between the MRI and SPG thickness.
The overall thickness accuracy for the surface was
evaluated as the RMS residual expression
RMS=[Ói(ti
mri"ti
spg)2/n]1/2 (where n is the number
of sampled points).
In addition to evaluating the overall accuracy of
the thickness measurements by examining the
RMS error, the mean residual error
(mean=Ói(ti
mri"ti
spg)/n) was calculated to provide
a measure of the contribution to the overall
accuracy of systematic errors. The standard
deviation of the thickness error about its mean
value, a measure of the influence of random error,
was also tabulated for completeness, though
these values satisfy (RMS)2z(mean)2+(standard
deviation)2.
Osteoarthritis and Cartilage Vol. 7 No. 1101FIG. 5. Cartilage thickness maps for the femur, patella and tibia of a cadaver knee, from MRI and SPG.contact area calculation
In-situ patellofemoral contact areas were deter-
mined using our implementation [29, 31] of the
proximity algorithm first proposed by Scherrer
et al. [34], as in two recent studies of contact area
measurements from MRI [10, 12]. The proximity
between two surfaces, e.g., the patellar and
femoral cartilage surfaces, at a given sampled
point on the primary surface (e.g., the patella) is
taken as the distance between that point and the
opposing surface, along the surface normal to theprimary surface. Because detection of cartilage
contact from MR images is nominally limited
by the image in-plane resolution (0.47 mm in our
protocol), the proximity threshold for contact was
set at 0.5 mm in this study, i.e., all sampled points
for which the opposing surface is found within
0.5 mm are considered in contact (Fig. 6).
Although this method may lead to an overestima-
tion of the contact area, it is considered a useful
prediction of the location and size of the contact
area when the joint is subjected to higher muscle
loads.
102 Cohen et al.: Cartilage quantification from MRIIdentical methods were used to image the knee,
segment the images, generate the surfaces, calcu-
late thicknesses and calculate contact area for
volunteers as for cadavers.FIG. 6. Patellar contact area from MRI of a cadaver knee, at approximately 45) of knee flexion.Results
Tables Ia and Ib display the RMS residual dis-
tance between the MRI and SPG surfaces, i.e., the
surface topography accuracy, for the subchondral
bone and cartilage surfaces, from manual and
semi-automated segmentation respectively. These
tables display results for both methods of surface
registration, cartilage and bone registered
together and each registered separately. Values
are reported for each individual cadaver knee
tested in this study. The best reported accuracies
are typically for the subchondral bone surface of
the patella, which can be as low as 0.09 mm (Knees
1 and 4) for manual segmentation and 0.07 mm
(Knee 1) for semi-automated segmentation. In gen-
eral, for all three articular layers of the knee, the
best accuracies were achieved for the subchondral
bone surfaces registered alone (0.14 mm on aver-
age, in Table I). For the registration of the carti-
lage surfaces alone, the accuracy was 0.23 mm and
0.22 mm for the two segmentation methods and for
the registration along with the bone surfaces, the
accuracy was 0.22 mm and 0.23 mm. Furthermore,
of the three articular layers, the accuracy of thepatellar surfaces was the best (0.16 mm for carti-
lage and bone surfaces together), followed by the
femur (0.23 mm and 0.24 mm in Table Ia and Ib
respectively) and then the tibia (0.27 mm and
0.30 mm respectively). Even the least favorable
accuracy measurement (0.49 mm, Knee 5, Table Ib)
is comparable to the in-plane pixel size. These
results indicate that for the topographic measure-
ments, the accuracies from the manual and semi-
automated segmentations are almost identical
(Table Ia versus Ib).
The thickness measurement accuracies are sum-
marized in Table IIa and IIb for manual and
semi-automated segmentation, respectively. The
most favorable thickness accuracy is on the
patella of Knee 6 (0.21 mm for manual segmenta-
tion and 0.18 mm for semi-automated segmenta-
tion) and the least favorable is on the tibia of Knee
5 (0.65 mm and 0.70 mm for manual and semi-
automated segmentations, respectively). On aver-
age, thickness accuracies are best for the patella
(0.31 mm in Table IIa and 0.24 mm in Table IIb),
followed by the femur (0.33 mm and 0.29 mm
respectively) and then by the tibia (0.48 mm and
0.41 mm respectively). Finally, the thickness accu-
racies are slightly better for the semi-automated
segmentation than for the manual method
(0.31 mm versus 0.37 mm on average).
Systematic errors are present but do not point in
the same direction consistently for all knees. For
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Accuracy of MRI topographical measurements (RMS of residual error relative to SPG), using (a) manual segmentation
and (b) semi-automated segmentation
Manual Semi-automated
Patella Femur Tibia Avg&std Patella Femur Tibia Avg&std
Knee 1 0.13 0.21 0.25 0.20&0.06 Knee 1 0.15 0.18 0.29 0.21&0.07
0.26 0.26 0.26 0.26&0.00 0.21 0.19 0.25 0.21&0.03
0.09 0.14 0.14 0.12&0.03 0.07 0.12 0.16 0.12&0.04
Knee 2 0.16 0.32 0.23 0.24&0.08 Knee 2 0.13 0.33 0.27 0.24&0.10
0.19 0.27 0.33 0.26&0.07 0.13 0.28 0.25 0.22&0.08
0.10 0.16 0.17 0.14&0.04 0.09 0.16 0.14 0.13&0.03
Knee 3 0.16 0.22 0.23 0.20&0.04 Knee 3 0.16 0.22 0.29 0.22&0.07
0.18 0.24 0.27 0.23&0.05 0.18 0.22 0.29 0.23&0.05
0.14 0.23 0.22 0.20&0.05 0.15 0.17 0.21 0.18&0.03
Knee 4 0.19 0.16 0.27 0.20&0.05 Knee 4 0.23 0.19 0.27 0.23&0.04
0.17 0.15 0.21 0.18&0.03 0.20 0.14 0.24 0.19&0.05
0.09 0.13 0.12 0.11&0.02 0.09 0.12 0.15 0.12&0.03
Knee 5 0.17 0.20 0.47 0.28&0.17 Knee 5 0.15 0.22 0.49 0.29&0.18
0.20 0.23 0.39 0.27&0.10 0.14 0.22 0.42 0.26&0.14
0.13 0.12 0.15 0.13&0.01 0.09 0.13 0.23 0.15&0.07
Knee 6 0.13 0.29 0.18 0.20&0.08 Knee 6 0.13 0.28 0.20 0.20&0.07
0.16 0.23 0.20 0.20&0.04 0.14 0.27 0.19 0.20&0.06
0.13 0.10 0.15 0.13&0.03 0.10 0.10 0.16 0.12&0.03
Avg 0.16 0.23 0.27 0.22&0.06 Avg 0.16 0.24 0.30 0.23&0.07
0.19 0.23 0.28 0.23&0.04 0.17 0.22 0.27 0.22&0.05
0.11 0.15 0.16 0.14&0.02 0.10 0.13 0.18 0.14&0.04
Std dev 0.02 0.06 0.10 Std dev 0.04 0.06 0.10
0.04 0.04 0.07 0.04 0.05 0.08
0.02 0.05 0.04 0.03 0.03 0.04
(a) (b)
Cartilage and bone (mm); cartilage (mm); subchondral bone (mm).
In each table cell, the first row provides the accuracies from simultaneously registering MRI cartilage and subchondral bone
surfaces with corresponding SPG surfaces; the second and third row results provide accuracies from individually registering each of
the MRI cartilage and subchondral bone surfaces, respectively, with their corresponding SPG surfaces.most specimens, the mean value of the thickness
error is positive (Knees 1, 2 and 4) indicating that
the thickness measured from MRI is greater than
from SPG. In one specimen (Knee 3), the opposite
trend is observed and the measurements from MRI
underestimates the cartilage layer thickness for all
surfaces of the knee. Finally, in two specimens
(Knees 5 and 6), overestimation by MRI is observed
for the femur and the patella, but underestimation
is seen for the tibias. The direction of the error is
consistent between the two segmentation methods,
i.e., the algebraic sign of the mean thickness error
is almost always the same in Table IIa and IIb. The
cases for which the two segmentation methods do
show a di#erent sign are those where the magni-
tude of the mean di#erence is close to zero. The
standard deviation of the thickness errors is
0.28 mm (or 0.27 mm for the automated segmenta-
tion) averaged over all the surfaces of all the
knees.
A visual representation of the agreement
between MRI and SPG is provided in Fig. 2d wherethe SPG surfaces, after registration with the MRI
surfaces, were mathematically sectioned at 1 mm
intervals corresponding to the MRI imaging
planes; the sectioned curves were then superim-
posed on the corresponding MRI image.
Figure 7 displays the patellar and femoral carti-
lage thickness maps, from a 27 year old male
volunteer. Curvature maps of the subchondral
bone surfaces were also generated (Fig. 8) to pro-
vide additional assessment of the surface topogra-
phy by determining the location of concave and
convex regions. Contact area maps, generated
from the same MRI, of the patellofemoral joint,
with the knee at approximately 25) of flexion, are
displayed in Fig. 9.
Table III lists mean, standard deviation and
maximum cartilage thicknesses of entire articular
layers for all cadavers and volunteers as obtained
from MRI; for convenience, comparison of these
results is provided against those of our previous
SPG study [26]. On average, the thickness of
patellar cartilage layers was 3.05 mm; the femoral
104 Cohen et al.: Cartilage quantification from MRIcartilage, 2.08 mm; and the tibial cartilage,
2.32 mm.Table II
Accuracy of MRI thickness measurements (RMS of residual error relative to SPG), using (a) manual segmentation and (b)
semi-automated segmentation
Manual Semi-automated
Patella Femur tibia Avg&std Patella Femur Tibia Avg&std
Knee 1 0.49 0.44 0.46 0.46&0.03 Knee 1 0.37 0.28 0.36 0.34&0.05
0.42 0.37 0.31 0.37&0.06 0.30 0.20 0.07 0.19&0.11
0.25 0.23 0.34 0.27&0.06 0.22 0.20 0.35 0.26&0.08
Knee 2 0.32 0.26 0.62 0.40&0.19 Knee 2 0.17 0.18 0.38 0.24&0.12
0.27 0.16 0.55 0.32&0.20 0.03 0.07 0.28 0.13&0.13
0.18 0.21 0.29 0.22&0.06 0.17 0.17 0.26 0.20&0.05
Knee 3 0.26 0.27 0.56 0.36&0.17 Knee 3 0.23 0.28 0.43 0.31&0.11
"0.15 "0.04 "0.18 "0.13&0.07 "0.17 "0.13 "0.24 "0.18&0.06
0.21 0.27 0.53 0.34&0.17 0.16 0.25 0.36 0.26&0.10
Knee 4 0.25 0.22 0.28 0.25&0.03 Knee 4 0.25 0.22 0.36 0.27&0.07
0.08 0.08 0.04 0.07&0.02 "0.04 0.04 "0.10 "0.03&0.07
0.24 0.20 0.28 0.24&0.04 0.25 0.21 0.34 0.27&0.07
Knee 5 0.35 0.39 0.65 0.46&0.16 Knee 5 0.24 0.34 0.70 0.42&0.24
0.22 0.31 "0.29 0.08&0.32 "0.06 0.18 "0.27 "0.05&0.22
0.27 0.24 0.58 0.36&0.19 0.23 0.28 0.64 0.38&0.23
Knee 6 0.21 0.38 0.29 0.29&0.08 Knee 6 0.18 0.45 0.26 0.30&0.14
"0.09 0.16 "0.18 "0.04&0.18 "0.02 0.31 "0.06 0.08&0.21
0.19 0.34 0.23 0.25&0.08 0.18 0.33 0.25 0.25&0.07
Avg 0.31 0.33 0.48 0.37&0.11 Avg 0.24 0.29 0.41 0.31&0.09
0.12 0.17 0.04 0.11&0.14 0.04 0.16 "0.02 0.06&0.09
0.22 0.25 0.37 0.28&0.10 0.21 0.24 0.37 0.27&0.08
Std dev 0.10 0.09 0.16 Std dev 0.07 0.10 0.15
0.22 0.15 0.33 0.16 0.15 0.20
0.04 0.05 0.15 0.04 0.06 0.14
(a) (b)
RMS (mm); mean (mm); std dev (mm).
In each table cell, the first row provides the overal RMS accuracy; the second row provides the mean error which is a measure of
systematic measurement errors; the third row provides the standard deviation of the error about its mean [RMS2z(mean)2+(standard
deviation)2].Discussion
Our first specific aim was to determine the
measurement accuracy which can be achieved
from clinical MRI’s by comparing our 3D measure-
ment results with corresponding SPG data. The
results of this study demonstrate that very good
measurement accuracies can be surface topogra-
phy and cartilage thickness can achievboth be
measured from MRI, both with sub-pixel accura-
cies. Topographical measurements of the articular
layers demonstrated an overall average error
of 0.23 mm (Table Ib) and for the measurement of
cartilage thickness, an overall average error of
0.31 mm (Table IIb). Since these errors are 2–3
times the accuracy of SPG itself, SPG served as a
suitable standard for comparison. These accura-
cies were measured from 3D surface analyses and
therefore they account for the MRI slice in-planepixel resolution (0.47 mm) as well as the out-of-
plane slice thickness (1 mm). It is thus noteworthy
that the accuracies are considerably better than
the MRI voxel size. This result may be attributed
to two factors: first, the MR images were seg-
mented under image magnification (by a factor of
4), producing in-plane segmented data at a sub-
pixel resolution and, secondly, the process of fit-
ting the segmented curves with a B-spline surface
enforced smoothness continuity both in-plane and
across the out-of-plane direction which may have
alleviated some of the detrimental e#ects of the
finite voxel size, such as partial volume averaging.
The topography error of the bone surfaces is
consistently lower than that of the cartilage sur-
faces (Table I). These results are in keeping with
the findings of Recht et al. [1], that for fat sup-
pressed SPGR sequences, the contrast-to-noise
ratio is higher for the cartilage-bone interface
than for the cartilage-fluid interface. Also support-
ing these findings is the fact that there are more
obstructions to the segmentation of the cartilage
Osteoarthritis and Cartilage Vol. 7 No. 1105Fig. 7. Cartilage thickness maps from in-vivo MRI of a volunteer.FIG. 8. Maximum and minimum curvature maps of the patellar subchondral bone surface from in-vivo MRI of a
volunteer.surface, namely contact with opposing cartilage
surfaces and ligaments appearing with similar
intensity.
The thickness measurement accuracies reported
here compare favorably with other recent studies
in the literature; however a direct comparison is
not straightforward because no other study has
provided direct 3D accuracy measurements. For
example, in previous reports by Eckstein and
co-workers, 2D cartilage MRI thickness measure-
ments were followed by slicing of the specimen for
direct comparison with 2D anatomic measure-
ments, taking care to reproduce the imagingplanes with the anatomic slices [4, 9]. Another
approach by the same group has been to use the 2D
slices to create 3D thickness maps [5, 6, 8], thereby
avoiding a slice by slice comparison. Images of the
MRI and anatomic thickness maps were subse-
quently registered by equating their ‘areal gravity
centers’ [6, 8]; these authors reported that approxi-
mately 80–90% (depending on the articular layer of
the knee) of 250 pixels from the MRI thickness map
deviated by less than 1.0 mm from the anatomic
measurement [8]. In a simplistic analogy, we can
construe from our RMS calculations that 68% of
our MRI thickness measurements deviate from
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volunteer.Table III
Mean, standard deviation and maximum cartilage thickness of articular layers of each knee as obtained from MRI
Patella Femur Tibia
Mean
(mm)
Std dev
(mm)
Max
(mm)
Mean
(mm)
Std dev
(mm)
Max
(mm)
Mean
(mm)
Std dev
(mm)
Max
(mm)
Knee 1 2.38 0.59 3.51 1.70 0.35 2.84 2.17 0.77 4.31
Knee 2 2.05 0.47 3.31 1.84 0.43 3.13 2.27 1.14 3.96
Knee 3 3.05 0.88 4.81 1.91 0.42 3.01 2.32 1.03 2.32
Knee 4 3.65 1.11 5.96 2.75 0.75 5.44 2.77 0.82 4.84
Knee 5 3.41 0.97 5.97 2.77 0.54 4.79 2.91 0.86 5.55
Knee 6 3.20 1.17 6.04 1.95 0.52 4.13 2.27 0.95 5.33
Volunteer 1 3.08 1.11 5.61 2.11 0.64 4.29 2.41 0.92 4.54
Volunteer 2 3.75 1.15 6.75 2.77 0.63 5.19 2.62 0.89 5.91
Volunteer 3 2.88 0.77 4.27 1.55 0.45 3.18 1.66 0.60 3.24
Volunteer 4 3.32 1.22 5.80 2.06 0.57 3.89 2.40 1.01 5.04
Mean (n=10) 3.08 0.94 5.20 2.14 0.53 3.99 2.38 0.90 4.50
Std dev 0.53 0.26 1.17 0.46 0.12 0.94 0.35 0.15 1.10
SPG (Ateshian et al., 1991) 3.33 0.39 5.91 1.99 0.12 3.61 2.92 0.52 6.25
(n=12) (n=3) (n=12)
Patient 2.85 0.84 4.47 1.43 0.26 2.73 1.66 0.58 3.45
For convenience, results of our previous SPG study on knee cartilage thickness is provided for comparison [26].SPG by less than 0.31 mm, or that 95% deviate by
less than 0.62 mm, on average. Further validating
our MRI cartilage thickness measurements, the
average and maximum cartilage thicknesses of 11
knees obtained from MRI in the present study were
similar to previously reported knee cartilagethicknesses obtained by the SPG method [26]
(Table III).
It is not surprising that, in general, the thick-
ness measurements (Table II) are less accurate
than the surface topography measurements (Table
I), since thickness is calculated as the distance
between the measured cartilage and subchondral
bone surfaces so that the error in each of the
surface topographical measurements gets com-
pounded into the thickness error. However,
random errors alone do not account entirely for
the thickness errors. A simplified illustration of
this fact can be observed for example from Table
Ia, where the femoral cartilage surface topographi-
cal error is 0.23 mm and the corresponding
subchondral bone error is 0.15 mm; assuming that
these RMS values are a measure of random errors
alone, the root-sum-squared compounded random
error for the femoral cartilage thickness measure-
ment would be 0.27 mm; this value agrees very well
with that of the standard deviation of the femoral
thickness error (0.25 mm in Table IIa) but falls
short of the corresponding RMS thickness error
(0.33 mm).
As further evidence of the presence of systematic
error in our measurements, the errors in the thick-
ness measurements are biased either towards
underestimation or towards overestimation of the
thickness by MRI; if the thickness errors were
truly random we would expect the mean value for
the thickness error across a surface to be approxi-
mately zero. Since the mean error for most surfaces
is not zero and since the thickness error is sampled
at a large number of points (the average sample
Osteoarthritis and Cartilage Vol. 7 No. 1107size is 252 points for the patellae, 557 points for the
femurs and 413 points for the tibia), the error
cannot be said to be entirely random. Surprisingly,
however, this systematic error does not point con-
sistently to either overestimation or underestima-
tion of the SPG thickness. We can conclude that
the error is not likely to be an artifact of the
segmentation method, from the almost identical
trends reported for both segmentation methods
(Table IIa versus IIb and Fig. 2). The di#erent
directions of the bias error also cannot be traced to
a di#erence in MRI equipment, observer, degree of
osteoarthritic degradation, nor knee size since
none of these correlated with the observed error.
Although no conclusive answer can be given, the
explanation below is o#ered to account for the
di#erent trends observed.
Since for a greater number of surfaces, the error
is biased towards overestimation by MRI, we are
led to believe that systematic error derives in large
part from the well-known partial volume averag-
ing e#ect. Partial volume averaging produces an
image where the intensity of any pixel is the
average intensity throughout the actual volume.
In cases where there is a sudden shift in the
position of the edge from slice to slice, the pixels at
the surface edge will appear much lighter than the
surrounding bone and synovial fluid and any seg-
mentation method will consider the given pixels as
cartilage, thereby producing a systematic overesti-
mation of cartilage thickness. Partial volume aver-
aging may also explain the deterioration in
accuracy from the patella, whose articular layers
are nearly orthogonal to the sagittal plane, to the
femur, where steep gradients occur near the troch-
lear notch, and to the tibia, where the tibial spines
are nearly parallel to the sagittal imaging plane.
The observed underestimation of cartilage thick-
ness in certain cases, may be the result of compres-
sion of the cartilage solid matrix as well as fluid
exudation from the cartilage. Examination of the
MR images of the knee for which there was signifi-
cant underestimation of cartilage thickness (Knee
3) revealed that the knee was, in fact, flexed and
the cartilage layers compressed during imaging.
This explanation is supported by the fact that the
sites of greatest underestimation corresponded
with the contact regions. Most of the other knees
were either at full extension or completely
unloaded so that flexion caused minimal cartilage
compression.
The standard deviation about the mean thick-
ness error, reported in Table II to be 0.27 mm on
average, compares favorably with the expected
random error based on purely analytic predictions,
probably because of the magnification and smooth-ing discussed earlier. The expected error in the
measurement of the distance between points in an
image with a resolution of 0.47 mm is 0.33 mm
[Ö 2*(pixel size/2)].
The second specific aim of this study was to
determine whether e$cient semi-automated seg-
mentation techniques could achieve similar accu-
racies as manual segmentation. Several automated
and semi-automated segmentation methods had
been implemented as part of preliminary investi-
gations preceding this study. The algorithm
described in the Materials and Methods section
above represents the culmination of those e#orts,
demonstrating the greatest accuracy and e$ciency
of the various tested algorithms. By comparing the
results of manual versus semi-automated seg-
mentation in Tables I and II, it is evident that
semi-automated segmentation can be just as good
and sometimes better than manual segmentation.
Considering the improved e$ciency of the semi-
automated approach over the manual segmenta-
tion (two hours versus two days), the outcomes of
the accuracy analyses are quite favorable as they
do not call for trading o# accuracy in favor of
e$ciency.
The third specific aim was to demonstrate that,
with the accuracy of the methodologies employed
here, it is possible to obtain meaningful measures
of the 3D surface topography, cartilage thickness,
contact areas and surface curvature characteris-
tics of articular surfaces not only in vitro, but also
in vivo. These results are shown in Figs 4 through
9. For example, the contact pattern displayed in
Fig. 9 shows contact between the distal region of
the retropatellar surface and the proximal portion
of the trochlear groove; this pattern agrees with
reported contact patterns for flexion angles in the
range 10)–30) as determined in vitro [36].
Measurements of topography, thickness, contact
areas and surface curvature characteristics may
provide valuable quantitative tools for studying
in-vivo progression of patient conditions, particu-
larly in relation to osteoarthritis which causes
changes in the cartilage thickness and remodeling
of the subchondral bone. The contour maps which
are generated for cartilage thickness and surface
contact also provide useful visual tools to the
orthopaedic surgeon, supplementing ordinary MRI
films. The maps allow the surgeon to compare
regions of abnormal contact pattern with patho-
logical cartilage distribution. Finally, given the
methods presented here, cartilage volume [2, 37],
(and its changes) can also be evaluated by multi-
plying the cartilage thickness at each sample
patch by the area of that patch. This was not
demonstrated here, however, due to the limited
108 Cohen et al.: Cartilage quantification from MRIacquisition width which of was limited to 6 cm (60
contiguous slices of 1 mm), preventing the acquisi-
tion of the entire width of the articular layers of
the tibia and femur.Conclusion
This study provides an extensive calibration of
the 3D measurement accuracy of knee articular
layer topography and thickness from MRI against
corresponding measurements from SPG. It con-
firms earlier findings that fat suppressed spoiled
gradient-recalled MRI can be used to quantify
cartilage thickness and volume [1–6, 8, 9]. Further-
more, it demonstrates that measurement tech-
niques which include surface topography,
cartilage thickness, contact areas and curvature
characteristics can be applied accurately and e$-
ciently to in-vivo MRI data. Clinical applications
of these methodologies may include longitudinal
analyses of disease progression such as the detec-
tion and quantification of morphological changes
in the subchondral bone, damage to the articular
cartilage layers, and shifting of the articular con-
tact areas. Biomechanical applications may
include the development of multi-body models of
the knee for the analysis of joint contact forces
and contact stresses as a function of patient-
specific anatomy [38] and the quantification of
joint kinematics.Acknowledgments
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